Introduction 52
There is increasing evidence to suggest that bacteriocin production is a 53 desirable probiotic trait which enables the establishment and persistence of the 54 producing strains within the gastrointestinal tract (GIT) (2, 9, 15, 35) . These 55 antimicrobials may have a narrow or broad spectrum of inhibition (16). Although 56 broad spectrum bacteriocins, such as nisin, have been useful with respect to the 57 control of spoilage and pathogenic organisms in food preservation (8), there has been 58 increasing interest in narrow spectrum bacteriocins, such as thuricin CD, due to their 59 narrow specificity and minimal impact on non-target beneficial GIT microbes (30) . 60
As such, these bacteriocins offer potential alternatives to traditional antibiotics with 61 respect to controlling pathogens within the gut (29) . In situ production of such narrow 62 between the presence, divergence and absence of genes previously selected on the 163 basis of a comparison of the output data of a BLASTn comparison of the UCC118-164 specific oligonucleotide probe set with the sequence of the draft genome of the type 165 strain Lactobacillus salivarius DSM20555 (accession number NZ_ACGT00000000) 166 with the log 2 -transformed signal ratios determined for the hybridisation reaction of the 167 gDNA of the corresponding strain (28). Therefore, these cuttoff intervals were also 168 applied to the present dataset. Cutoff intervals of (≥ -1.5), (< -1.5, ≥ -2.4), (< -2.4, ≥ -169 4.5), (< -4.5, ≥ -5.8) and (< -5.8) corresponded to highly conserved, conserved, 170 divergent, highly divergent, and absent features in the test strain relative to L. 171 salivarius UCC118, respectively. Hierarchical clustering of strains was performed 172 using the complete linkage clustering and results were visualised using Genesis 173 chromatography (RP-HPLC) column (250.0 × 10.0 mm, 4 µm particle size, 90 Ǻ pore 188 size; Phenomenex) pre-equilibrated with 25% (vol/vol) acetonitrile 0.1% (vol/vol) 189 TFA. The column was developed in a gradient of 25% to 55% (vol/vol) SalTα and SalTβ peptides, were pooled, concentrated and applied to the Luna 209 analytical SCX cation exchange HPLC column for separation and purification as 210 described above, as were fractions 44-46, in which a mass of 4117 Da was detected 211 corresponding to the mature salivaricin L peptide. Bacteriocin activity was monitored 212 throughout purification by well diffusion assay using the sensitive indicator strain L. 213 bulgaricus LMG 6901. MALDI-TOF MS was performed as previously described (7). 214
215
Peptide synthesis. Synthetic analogues of mature salivaricin B and salivaricin L were 216 synthesised according to the deduced amino acid sequence of slnT3 and ORF13 (slnL) 217 using microwave-assisted solid phase peptide synthesis (MW-SPPS) performed on a 218 CEM Liberty TM microwave peptide synthesiser using a H-Ser-HMPB-ChemMatrix® 219 and a H-Cys(TRT)-HMPB-ChemMatrix® resin (PCAS Biomatrix Inc. Quebec, 220 Canada), respectively. The molecular masses of the synthetic analogues were 221 confirmed using MALDI TOF MS and the antimicrobial activity of the crude peptides 222 was assayed by well diffusion. Synthetic salivaricin L was purified by RP-HPLC 223 using a Jupiter C5 column (250.0 × 10.0 mm, 10 µm particle size, 300 Ǻ pore size; 224 Phenomenex) developed in a gradient from 25% to 55% (vol/vol) acetonitrile 225 containing 0.1% TFA from 10 to 50 min at a flow rate of 2.5 mL min -1 . Fractions 226 containing the desired molecular mass, identified by MALDI TOF MS, were pooled 227 and lyophilised using a Genevac HT 4X lyophiliser (Genevac Ltd. Ipswitch, UK). The 228 peptide was dissolved in 50% (vol/vol) acetonitrile at a concentration of 5 mg/ml and 229 stored at -20°C under nitrogen. Appropriate dilutions of the peptides in 50mM 230 potassium phosphate buffer pH 6.8 were used for bacteriocin assays. 
Results

248
The seven L. salivarius test strains included in this study were of either human or 249 porcine intestinal origin (Table 1) , and were specifically selected by their ability to 250 produce bacteriocins which we propose constitutes an important probiotic trait (6, 31, 251 34). For comparative reasons, one isolate of human origin with a bacteriocin negative 252 phenotype, DPC6196, was also included in the genotypic analysis as it harbours 253 homologues of the abp118 bacteriocin structural genes (2). Due to the localisation of 254 the abp118 bacteriocin gene cluster on the megaplasmid of strain UCC118 (17), the 255 megaplasmid content of the test strains was first compared with that of UCC118. 256
257
Analysis of the megaplasmid content of bacteriocin-producing L. salivarius 258 isolates. Pulsed field gel electrophoresis (PFGE) of total genomic DNA confirmed 259 that the seven test strains were genetically distinct (data not shown), and the 260 megaplasmid content of each, as determined by S1 PFGE, is outlined in Table 2 determinants responsible for the production of abp118 are comprised of the abp118 α 284 and β structural genes, accompanied by the genes encoding a cognate immunity 285 protein, a three-component regulatory system, an ABC-transporter and transportactive bacteriocin (13) (Fig. 1) . Six additional ORFs are also present on the 10.7 kb 288 abp118 locus, three of which encode putative bacteriocin-like precursor peptides, two 289 of which have no homologues while one was identified as a pre-salivaricin B 290 homologue (4, 13). Each of the L. salivarius test isolates included in this study are 291 bacteriocinogenic, with the exception of DPC6196, and sequence analysis revealed 292 that the abp118 gene cluster shares greater than 90% sequence similarity with that of 293 salivaricin P (data not shown (13)). Despite this, CGH revealed considerable genetic 294 diversity with respect to the bacteriocin locus across the test strains (Fig. 2) . The 295 porcine intestinal strain DPC6502 was particularly notable by virtue of lacking 296 abp118-related homologues, despite having an antimicrobial-producing phenotype 297 (Fig. 2, (23) ). This observation eliminates the possibility that this strain produces 298 abp118, salivaricin P and/or salivaricin B. Although CGH data indicated that the 299 bacteriocin structural genes, the genes encoding the response regulator and the 300 transport system of abp118 were conserved in each of the remaining porcine derived 301 isolates, DPC6005, DPC6027, DPC6189 and 7.3, the genes encoding the immunity, 302 induction peptides and the histidine kinase component of the salivaricin regulatory 303 system of these isolates were divergent from their respective abp118 counterparts, as 304 illustrated in Fig. 2 . Indeed, sequence analysis of the salivaricin P locus of the 305 prototype producing strain DPC6005 (data not shown) confirmed this. 306
Overall, the abp118 locus was most highly conserved in the human isolate 307 DPC6196 (Fig. 2) . Although displaying a Bac -phenotype, this isolate harbours 308 homologues of abp118α and abp118β, differing by just 1 and 2 nucleotides, 309 respectively (2). CGH analysis revealed divergence with respect to the abpT 310 (LSL_1910) and abpD (LSL_1909) homologues, required for secretion of the mature 311 active bacteriocin, in DPC6196 which is likely responsible for the Bac -phenotype of 312 this strain. Previously, PCR analysis using primers specific for the salivaricin P 313 structural genes indicated the presence of related genes in L. salivarius DPC6488 314 (23). However, the unique genetic variability pattern of this neonatal isolate instead 315 indicated that the genes corresponding to abp118α (LSL_1917) and abp118β 316 (LSL_1916) were divergent and absent, respectively (Fig. 2) . In contrast, the genes 317 encoding the abp118 regulatory and transport systems were perfectly conserved in this 318 strain, relative to UCC118, as was the gene encoding pre-salivaricin B (LSL_1921). 319
As this strain is of human origin, an important consideration in the selection of 320 commercial probiotics, the antimicrobial activity and corresponding genetic 321 determinants of this isolate were further investigated. data corresponds to the sequence between LSL_1913 and LSL_1924 of strain 329 UCC118 (Fig. 2) , and confirmed the conservation of the regulatory and transport 330 systems of abp118 in this strain. In silico analysis of the sequence data resulted in the 331 identification of 20 ORFs ( Fig. 1; Table 3 ), five of which, ORF3-5, 7 and 13, encoded 332 bacteriocin-like prepeptides. The putative products of ORF3 and ORF4 333 (correspondingly designated slnT3 and slnT4) were 98% and 97% identical to the 334 salivaricin B precursor peptide (LSL_1921) and a bacteriocin-like prepeptide 335 (LSL_1918) of UCC118, respectively. The deduced products of ORF5 and ORF7 also 336 resembled bacteriocin precursor peptides with double-glycine leader sequences, andwere designated slnTα and slnTβ (Fig. 3A) . The first 57 nucleotides of slnTα closely 338 resemble those encoding the leader peptide of Abp118α and Sln1, differing by two 339 nucleotides (and, in turn, one aa) (Fig. 3B) . However, no significant homology was 340 observed between the corresponding propeptide (61 aa) and Abp118α (45 aa). Indeed 341 a BLAST search revealed that this peptide instead shared 47% identity with ThmA, 342 one component of the two-peptide bacteriocin thermophilin13 produced by 343
Streptococcus thermophilus (20) (Fig. 3B) . The bacteriocin-like precursor peptide 344 encoded by slnTβ displayed similarity to acidocin LF221 A, one peptide of a putative 345 two-component bacteriocin produced by Lactobacillus gasseri (18) (Fig. 3B) . Only 346 partial sequence of the complementary peptide of LF221 A (37 C-terminal aa) was 347 available for comparison with the propeptide encoded by slnTα, with which it shared 348 30% similarity (Fig. 3B) . While the leader sequence of SalTβ also shares 42% 349 similarity with that of Abp118α, no significant similarity was observed between the 350 leader sequence of SalTβ and that of Abp118β (Fig. 3B) . Indeed, the SalTβ leader 351 sequence was most similar (59%) to that of the LafX peptide of lacticin F, produced 352
by Lactobacillus johnsonii (Fig. 3B, (14) ), while, perhaps most notably, the 353 propeptide encoded by slnTβ shares 43% similarity with ThmB, the complementary 354 peptide of ThmA (20) . 355 Further in silico analysis of this cluster identified two ORFs encoding putative 356 immunity proteins downstream of the potential bacteriocin structural genes slnTα and 357 slnTβ (Fig. 3A) . The deduced protein sequences corresponding to slnT IM1 (ORF6) 358 and slnT IM2 (ORF8) displayed 81% and 76% identity with Abp118 IM. Despite 359 being present in two copies, these LSL_1915-homologues were not detected by CGH 360 due to the divergence in the nucleotide sequences of the genes in DPC6488 (72% andbacteriocin immunity gene, ORFs 9, 10 and 11, encode a putative induction peptide, a 363 sensory transduction histidine kinase and a response regulator, which shared 100%, 364 99% and 94% identity with their respective abp118 counterparts, thus confirming 365 conservation of the regulatory system of abp118 in strain DPC6488. The deduced 366 products of ORFs 12 and 14 did not share homology with any previously known 367 proteins. The 59 aa putative bacteriocin prepeptide encoded by ORF 13 (slnL) consists 368 of a double-glycine leader sequence of 18 aa and a mature peptide of 41 aa designated 369 salivaricin L, and shared greatest homology (59% identity) with a putative bacteriocin 370 precursor of the Streptococcus sp. C150 genome (accession no. EFX55741). This 371 putative bacteriocin precursor also shared very weak homology (38% and 37%) with 372 the precursor peptides of cerein 7B produced by Bacillus cereus Bc7 (25) and sakacin 373
Bacteriocin production is a megaplasmid encoded feature of importance for 462 the probiotic functionality of L. salivarius UCC118 (5, 6) and CGH confirmed the 463 presence of repA-type megaplasmids in each of the test strains investigated in this 464 study. The megaplasmids of DPC6488 and DPC6196 were considerably smaller in 465 size than pMP118, notably, a 67 kb non-functional conjugation transfer locus present 466 in UCC118 (10) is absent in these strains. Indeed, this locus is also absent in 467 DPC6502 despite the fact that it harbours a megaplasmid similar in size to pMP118. 468
This indicates a considerable number of additional megaplasmid-encoded features in 469 DPC6502, which also is the case for DPC6027 and DPC6189 which harbour 470 megaplasmids considerably larger than pMP118. CGH analysis of the bacteriocin 471 locus in the porcine salivaricin P-producing test strain DPC6005 produced results 472 which were consistent with subsequent sequence analysis. This revealed that the 473 salivaricin P gene cluster was organised in a similar arrangement to the genetic locus 474 of abp118 (13, 27) , with the most notable difference between the genes encoding the 475 induction peptides (60% identity). It was not surprising that the N-terminal region of 476 the corresponding sensory histidine kinase genes also varied slightly (93% identity). 477 Similar variations were previously observed between the regulatory operons of the pln 478 loci of Lactobacillus plantarum C11 and L. plantarum NC8 which are also otherwise 479 highly homologous (19). Indeed, similar levels of variability were observed with 480 respect to the bacteriocin locus of all of the salivaricin P-producing porcine isolates, 481 relative to UCC118, indicating that they may all be derived from a single ancestor. 482 CGH also revealed that the bacteriocin-negative phenotype of the human isolate 483 DPC6196 is likely due to a genetic defect in the bacteriocin transport system in this 484
isolate.
Sequence analysis of the salivaricin locus of strain DPC6488 further validated 486 the CGH data. Although the genes involved in regulation and transport of abp118 487 were highly conserved in DPC6488, this strain harbours structural genes for the 488 production of two novel antimicrobials, a two-component class IIb bacteriocin 489 salivaricin T, and a one-peptide class IId bacteriocin salivaricin L. It is understandable 490 that strain DPC6488 was previously mistakenly characterised as a salivaricin P 491 producer as the primers designed to amplify the bacteriocin structural genes were 492 complementary to the sequence encoding the double-glycine leader of Sln1 and the 493 immunity genes of salivaricin P, which share considerable identity with the leader 494 sequence of SalTα and the respective immunity genes of the corresponding salivaricin 495 locus. Notably, the porcine isolate DPC6502, which was also previously characterised 496 as a salivaricin-P producer, lacked all abp118-related homologues and so the Bac + 497 phenotype of this strain will be the basis of further investigation. 498
The leader sequence of the SalTα precursor is almost identical to that of the 499 Abp118α and Sln1 prepeptides (95% identity, with just one conservative aa difference 500
[I/V] in 19), which may be a requirement for the efficient processing and export of the 501 mature active peptide by the conserved ABC transporter. Indeed, while the mature 502 salivaricin T peptides most closely resembled the component peptides of thermophilin 503 13 (20), the proteins involved in providing immunity to, regulating production of and 504 transporting these peptides are analogous to those of abp118. However, it should be 505 noted that, at present, the thermophilin 13 gene cluster has not been reported. The 506 presence of two putative immunity genes downstream of each of the salivaricin T 507 structural genes is interesting and this fact, combined with the individual activity of 508 each of the component peptides, may indicate that salivaricin T evolved from twobacteriocins cerein 7B and sakacin Q with which salivaricin L shares weak homology 511 are also simultaneously produced with cerein 7A and sakacin P by their respective 512 producing strains B. cereus and L. sakei (21, 25) . As observed with salivaricin T and 513 salivaricin L, neither of these pairs of simultaneously produced bacteriocins exhibit 514 synergistic activity. Moreover, salivaricin L exhibited antagonistic activity to the 515 gastrointestinal pathogen L. monocytogenes, with an MIC 50 of 20 µM. 516 L. salivarius DPC6488 was selectively isolated from the neonatal faecal 517 population as a consequence of its antimicrobial phenotype. Therefore, it is tempting 518 to suggest that salivaricin T and salivaricin L production may be an important 519 mechanism for host colonisation and prevalence of the producing strain allowing it to 520 outcompete closely-related populations within the intestine. Notwithstanding this 521 hypothesis, the apparent ability of L. salivarius to produce very differing bacteriocins 522 using the same cellular machinery suggests a hitherto unknown versatility with 523 respect to production of this dominant probiotic trait. The bacteriocin structural and predicted immunity genes are indicated by the colours 666 black and grey with a black outline, respectively. The homologues of the putative 667 protein products encoded by the salivaricin T gene cluster are outlined in Table 3 
